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Abstract 
The effiux of ~-amino&obutyric a id (GABA) and L-glutamate from pre-loaded cells in rat cerebral cortical slices has 
been studied during interventions designed to affect the availability of intracellular Ca 2+ during hyposmotic swelling and 
membrane depolarization ,clue to raised extracellular K +. Calmodulin-dependent acceleration of amino acid effiux in 
hyposmotic media, with cell swelling less than would be predicted on the basis of perfect osmometric behaviour (see Ref. 
[1]), was unaffected by Ca-ionophore in the presence of external Ca 2+ or by the omission of external Ca 2 +, but was 
suppressed by pre-exposure of slices to thapsigargin (2 IxM), which is reported to deplete cytosolic Ca 2+, and by TMB-8 
(0.5 mM), which blocks release of Ca 2+ from internal stores. TMB-8 also led to significant cell swelling. The effects of 
TMB-8 were reversed by Ca-ionophore. Raised external K + (54 mM) led to accelerated amino acid effiux which required 
calmodulin activation and was blocked by (i) omission of external Ca 2+, (ii) the voltage-sensitive Ca2+ channel blocker 
nifedipine (1 ixM), (iii) the anion transport inhibitor DIDS (25 IxM for GABA, 100 txM for L-glutamate, see Ref. [1]), and 
(iv) the -SH group acetylator N-ethylmaleimide. TMB-8 was without effect in high K + media. These results suggest hat 
while enhanced amino acids effiux probably occurs through the same population of Ca/calmodulin-dependent, DIDS-sensi- 
tive pathways following hyposmotic shock or membrane depolarization, the source of Ca 2+ ions required for the activation 
of these pathways may depend upon which of these acceleratory stimuli is applied. 
Keywords: Amino acid; Brain cell; Calcium ion; Cell volume 
1. Introduction 
The preceding paper [1] described some character- 
istics of hyposmotically activated amino acid effiux 
Abbreviations: BAPTA, 1,2-bis(2-aminophenoxy)ethane- 
N,N,N',N'-tetraacetic acid; Ca-ionophore, N,N,N',N'-tetra- 
cyclohexyl-3-oxypentadiamide; CaM, calmodulin; DIDS, 4,4'-di- 
isothiocyanatostlbene-2,2'-sulfonic acid;DMSO, dimethylsulf- 
oxide; GABA, ~-aminoisobutyric acid; NEM, N-ethylmaleimide; 
PIPES, piperazine-N,N'-bis-2-ethanesulfonic acid; TFP, trifluop- 
erazine; TMB-8, 3,4,5-trimethoxybenzoic a id 8- 
(diethylamino)octyl ester. 
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from cerebral cortical cells, including the requirement 
for CaM activation, a process known to be associated 
with an increase in cytosolic free Ca 2÷ concentration 
([Ca 2+ ]i ) [2-4]. 
A role for enhanced [Ca2+] i in facilitating volume 
regulatory solute loss from hyposmotically swollen 
cells was first demonstrated in toad urinary bladder 
[5], and has since been extensively investigated in 
relation to the activation of K + (and C1-) effiux. The 
source of Ca 2+ ions, however, remains uncertain, and 
it is not possible to discern a common pattern among 
the diverse cell types in which this phenomenon has 
been studied. Evidence has been presented in favour 
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of entry from the external medium through stretch- 
dependent and/or voltage-sensitive activated Ca- 
channels [3,6-8]; alternatively it may derive from 
intracellular stores [9,10] or from both these sources 
[11,12] or may depend upon the duration of the 
hyposmotic exposure [13]. Other reports suggest that 
hyposmotic cell volume regulation is Ca-independent 
[14,15]. For detailed review see Refs. [3,16]. 
Recent evidence indicates that in brain cells there 
may be effective association between K + (or anion) 
and amino acid effluxes through diffusive pathways 
[17,18]. The present paper examines the source of 
Ca 2+ ions associated with CaM-dependent efflux of 
amino acids from cerebral cortical cells in response 
to hyposmotic shock and following depolarization by 
high external K +, and additionally suggests that ef- 
flux occurs via common pathways under both incuba- 
tory conditions. Some of the findings have been 
previously published as an abstract [19]. 
2. Materials and methods 
The preparation and incubation of cerebral cortical 
slices, has been described in detail previously [1,20]. 
Briefly, slices of rat superficial cerebral cortex (200- 
300 Ixm thickness) were loaded for 120 min with 
radiolabelled amino acid (activity ~ 200 kBq/ml) at 
room temperature (18-20°C) in isosmotic 
phosphate-bicarbonate Ringer (calculated 315 
mOsmol/kg, gas phase 100%, pH adjusted to 7.4 
with PIPES) containing 1 mmol/1 'cold' amino acid. 
Amino acid efflux was followed by serial sampling 
for 60 min after transference to amino acid-flee 
isosmotic or hyposmotic (265 mOsmol/kg) media 
whose composition was varied as described below. 
For measurements of cell volumes, slices were sub- 
jected to identical amino acid loading procedures, 
except for omission of the radiolabelled tracer, and 
then incubated for 60 min amino acid-flee efflux 
media (see below). Volumes were calculated from the 
distribution of [14C]inulin (~ 20 kBq/ml) during the 
final 20 min of exposure to efflux media (see [20]). 
The present investigation was confined to cells pre- 
loaded with GABA or L-glutamate. The following 
modifications were made to isosmotic and hypos- 
motic media: (i) Ca2+-free media were prepared by 
equimolar eplacement of Ca 2+ with Na+and the 
inclusion of the Ca-chelator BAPTA (Sigma Chemi- 
cal, 1 mmol/1). (ii) Ca-ionophore (Fluka Chemicals, 
10 p~mol/1) was added as 1:1000 of stock solution 
in DMSO. Pilot studies showed that DMSO alone 
had no effects on amino acid efflux or cell volumes. 
(iii) Thapsigargin, which depletes cytosolic Ca 2+ and 
abolishes the transient rise in  [Ca2+] i that results 
from hyposmotic shock [21] was added to efflux 
media (Sigma Chemical, 2 txmol/1) and also incor- 
porated in Ca2+-free loading medium. These alter- 
ations to the loading medium did not significantly 
affect amino acid uptake or cell volumes at the 
termination of the loading period (results not reported 
in detail). (iv) TMB-8, a reported blocker of Ca 
release from internal stores [22] was added either 
alone (Sigma Chemical, 0.5 mmol/1, 1:1000 of stock 
solution in DMSO) or in combination with Ca-iono- 
phore. (v) Isosmotic high K + (54 mmol/1) efflux 
Table 1 
The effects of Ca 2÷ omission, Ca-ionophore (10 ixmol/ l ) ,  thapsigargin (2 t~mol/ l) ,  TMB-8 (0.5 mmol/1)  with or without addition of 
Ca-ionophore, and nifedipine (1 p~mol/1) on the rate constant (k)  for the 3rd (presumed cellular) phase of GABA efflux from incubated 
slices of rat cerebral cortex, and corresponding steady-state c ll volumes 
Rate constants (k × 10 - 2 min - 1 ) Cell vol ( tx l /mg dry wt.) 
Isosmotic Hyposmotic Isosmotic Hyposmotic 
Control media 0.55 + 0.05(6) 0.76 ___ 0.06(6) 2.31 ___ 12(10) 2.53 + 0.09(12) 
Ca2+-free 0.71 + 0.07(6) - 2.64 + 0.12(12) 
Ca-ionophore - 0.83 + 0.09(6) - 2.47 + 0.13(10) 
Thapsigargin 0.60 ___ 0.06(6) 0.55 + 0.04(6) a 2.36 + 0.11(11) 2.99 + 0.14(10) b 
TMB-8 0.52 ± 0.04(6) 0.51 _ 0.06(6) a 2.28 + 0.14(12) 3.15 ± 0.14(11) ~ 
TMB-8 + Ca-ionophore - 0.70 ___ 0.05(6) - 2.61 ___ 0.14(10) 
Nifedipine - 0.80 ± 0.04(6) - - 
Values are mean + S.E.M. (n). The significance of  differences from control values are indicated as follows: a p < 0.025, b p < 0.001. 
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Table 2 
The effects of Ca z÷ omission, Ca-ionophore (10 wmol/1), thapsigargin (2 p~mol/1), TMB-8 (0.5 mmol/1) with or without addition of 
Ca-ionophore, and nifedipine (1 p~mol/1) on the rate constant (k) for the 3rd (presumed cellular) phase of L-glutamate ffiux form 
incubated slices of rat cerebral cortex, and corresponding steady-state c ll volumes 
Rate constants (k X 10-2min - 2) Cell vol (p,1/mg dry wt.) 
Isosmotic Hyposmotic Isosmotic Hyposmotic 
Control media 0.32 ± 0.02(6) 0.41 ± 0.03(6) 2.38 _ 0.08(11) 2.60 ± 0.08(12) 
Ca2+-free - 0.40 ± 0.03(6) - 2.72 ± 0.10(11) 
Ca-ionophore - 0.36 ± 0.04(6) - 2.52 +__ 0.11(10) 
Thapsigargin 0.28 _+ 0.03(6) 0.22 ± 0.02(6) b 2.29 + 0.13(11) 3.04 + 0.10(13) c 
TMB-8 0.33 ± 0.03(6) 0.25 _+ 0.01(6) a 2.41 ± 0.09(12) 3.22 + 0.09(12) c 
TMB-8 + Ca-ionophore - 0.36 ± 0.03(6) - 2.69 + 0.11(11) 
Nifedipine - 0.39 _+ 0.03(6) - - 
Values are mean +_ S.E.M. (n). The significance of differences from control values are indicated as follows: a p < 0.025, b p < 0.005, 
c P < 0.001. 
medium was prepared by the equimolar replacement 
of Na ÷ by K ÷. The following additions were also 
made to high K ÷ media: (a) the CaM activation 
inhibitor TFP (Aldrich Chemical, 25 txmol/1), (b) the 
anion transport inhibitor DIDS (Sigma Chemical, 25 
p~mol/1 for GABA efflux, 100 ixmol/1 for L-gluta- 
mate effiux, see Ref. [1]), (c) the -SH group acetylat- 
ing agent NEM (Sigma Chemical, 100 I.Lmol/1), (d) 
TMB-8 (see (iv) above), (e) the dihydropyridine 
nifedipine (Sigma Chemical, 1 p~mol/1), a selective 
blocker of voltage-activated (L-type) Ca channels. 
The effects of nifedipine were also examined in low 
K + (5.4 mmol/1) media. Incubations in the presence 
of nifedipine were carried out in subdued natural 
light. For calculation of rate constants, cell volumes 
and the statistical treatment of results, see Ref. [1]. 
3. Results 
As in the preceding paper [1] kinetic treatment of 
effiuxes is confined to the 3rd phase. Tables 1 and 2 
show the effects on effiuxes of GABA and L-gluta- 
mate into hyposmotic media, and corresponding 
steady-state c ll volumes, of interventions designed 
to influence the availability of intracellular f ee Ca 2+. 
Control data are identical to those in Table 1 of Ref. 
[1]. Neither omission of external Ca 2+, nor the pres- 
Table 3 
The effects of high K ÷ medium (54 mmol/1), high K + medium with omission of Ca 2÷, and high K + medium containing nifedipine (1 
~mol/1), TFP (25 p, mol/) ,  DIDS (25p~mol/1 (GABA) or 100 ixmol/1 (L-glutamate) (see Ref. [1])), NEM (100 Ixmol/1), thapsigargin (2 
p, mol/1) or TMB-8 (0.5 mmol/1) on rate constants (k) for the 3rd (presumed cellular) phase of GABA and L-glutamate fflux from 
cerebral cortical slices incubal:ed in isosmotic media, and corresponding steady-state c ll volumes 
Rate constants (k × 10-2min - i) Cell voi ( ix l /mg dry wt.) 
GABA L-Glutamate GABA L-Glutamate 
Control 0.55 ___ 0.05(6) 0..32 + 0.02(6) 2.31 ___ 0.12(10) 2.38 + 0.08(11) 
High K ÷ 0.75 ___ 0.03(6) a 0.51 + 0.03(6) c 2.82 ___ 0.09(12) b 2,69 + 0.11(13) a 
High K+,Ca2+-free 0.52 ± 0.04(6) c 0.34 ± 0.04(6) a 2.72 + 0.13(10) 2,75 ± 0.10(11) 
High K++ nifedipine 0.59 ± 0.03(6) b 0.34 + 0.04(6) " 2.88 _ 0.14(11) 2.69 ± 0.13(12) 
High K++ TFP 0.48 + 0.04(6) c 0.30 ___ 0.03(6) c 2.73 ± 0.09(12) 2.79 + 0.10(11) 
High K++ DIDS 0.56 ± 0.05(6)  a 0.28 + 0.02(6) c 2.90 ___ 0.14(11) 2.63 + 0.15(10) 
High K++ NEM 0.47 ± 0.04(6) c 0.36 ± 0.02(6) a 2.83 ± 0.10(12) 2.79 ± 0.12(12) 
High K++ thapsigargin 0.73 ± 0.06(6) 0.52 ± 0.05(6) - 
High K++ TMB-8 0.81 ± 0.05(6) 0.48 ___ 0.05(6) - - 
Control values refer to low K + media (5.4 mmol/1). Values are mean + S.E.M. (n). The significance of differences between low and 
high K + media, and between high K + and modified high K ÷ media, are indicated as follows - a p < 0.05, b p < 0.005, c p < 0.001. 
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ence of Ca-ionophore, significantly affected either 
variable. Conversely, thapsigargin or TMB-8 
markedly slowed amino acid effiux and led to highly 
significant cell swelling. Cell swelling and slowing of 
effiux in the presence of TMB-8 were both reversed 
by Ca-ionophore: the effects of Ca-ionophore in the 
presence of thapsigargin were not studied. Also in- 
cluded in Tables 1 and 2 are the effects in isosmotic 
media of those interventions (viz incorporation of 
thapsigargin or TMB-8) that significantly affected 
rates of efflux and cell volumes under hyposmotic 
conditions. Neither had a significant effect on either 
variable. Nifedipine had no effects on amino acid 
efflux in hyposmotic media: its effects on cell vol- 
ume were not studied. 
Table 3 summarizes the results of experiments in
which amino acid efflux was enhanced in isosmotic 
media by 10-fold increase in the concentration of 
extracellular K + ([K+]o). Control data (i.e. those 
from experiments in low [K+]) are the same as those 
shown in Tables 1 and 2. Effiux of both amino acids 
was significantly increased by raised [K+]0, and this 
was accompanied by significant cell swelling. Accel- 
eration of effiux by high [K+]o was blocked in 
Ca2+-free media, and in the presence of nifedipine, 
TFP, DIDS or NEM, but was unaffected by thapsi- 
gargin or TMB-8. None of the interventions that 
blocked the enhancement of amino acid effiux in 
high [K+]o was associated with any remission of high 
K+-dependent cell swelling. Nifedipine had no ef- 
fects on amino acid effiux in isosmotic low [K+]o 
media: results not shown in detail. 
4. Discussion 
The role of Ca 2+ in the response of cells to 
hyposmotic stress has been extensively studied in 
relation to the regulatory volume decrease (RVD) 
that occurs within a few minutes of the stress imposi- 
tion, during which initial near-osmometric swelling is 
succeeded by the return of volume towards the pre- 
stress level. The present study is concerned with the 
behaviour of cells 30-60 min following the imposi- 
tion of hyposmotic stress, when only a moderate, 
non-osmometric degree of swelling is present [1]. It is 
thus relevant o the sustained rather than the acute 
phase of response, and in this respect may be a better 
reflection of cellular behaviour in vivo, where cells 
are not subjected to abrupt osmotic perturbation. But 
it is correspondingly difficult to compare the present 
findings on the volume-regulatory significance of 
Ca 2+ with previous data. Moreover, most other stud- 
ies have employed cultured superfused glia or neu- 
rons, in which it may be assumed that hyposmoti- 
cally-activated solute efflux is not accompanied by 
significant re-uptake. Slices, conversely, are a model 
for whole tissue, and net amino acid efflux probably 
reflects the balance between cellular loss and partial 
re-accumulation from the interstitium (as previously 
discussed [1]). This may explain why the variations in 
the rates of amino acid efflux in the present and 
previous study [1] are generally less marked than 
those reported in cultured preparations. The results 
reported here represent the responses of intact brain 
tissue, and cannot herefore be attributed to specific 
cell types, which may react differently to the experi- 
mental interventions, e.g. variation in levels of extra- 
cellular Ca 2 +. 
An additional methodological consideration in- 
volves the direct measurement of [Ca2+]i, which 
cannot usefully be performed (e.g. using intracellular 
dyes) in slices. The role of Ca 2+ must be inferred 
from interventions such as those employed in this 
study. But this may be less of a drawback than might 
at first appear, in view of the spatial and temporal 
heterogeneity of alterations in [Ca2+]i (e.g., see 
[3,16,23]). In particular, apparent bulk changes in 
cytosolic Ca 2+ may fail to reveal localized and/or 
transient changes in levels of Ca 2÷ at volume-regu- 
latory (efflux) sites. 
The dichotomy between acute and sustained re- 
sponses of cerebral amino acid efflux to hyposmotic 
shock, and their relation to cell volume regulation, is 
well illustrated by recent studies in which efflux was 
monitored in cultured astrocytes wollen by hypos- 
motic exposure and in which RVD was prevented by 
omission of external Ca 2÷, TFP, or the L-type Ca 2+ 
channel blocker nimodipine [ 13,18]. RVD inhibition 
was accompanied by an increased efflux of o-aspar- 
tate, with the implication that elevated aspartate re- 
lease is a consequence of sustained swelling rather 
than being an effector of swelling limitation. RVD in 
swollen astrocytes was associated with an initial peak 
of [Ca2+]i which was unaffected by nimodipine or 
lack of external Ca 2+, but these interventions partly 
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or totally abolished the more modest, sustained in- 
crease in [Ca 2÷ ]i that succeeded this peak [13]. These 
observations suggest that: the initial peak in [Ca 2÷ ]i is 
due to intracellular elease, while the succeeding 
plateau depends on cellular entry. Although other 
studies in hyposmotically stressed astrocytes support 
RVD-related roles for Ca 2+ derived from internal and 
external sources [24], a causal association has been 
questioned on the grounds that, in hyposmotically 
stressed astrocytes, blocldng Ca 2÷ release from inter- 
nal stores, or entry from the external medium, does 
not interfere with RVD, and that there is a temporal 
disparity between the initial peak increase in concen- 
tration and the course of RVD [14]. In the latter 
respect it might be argued that an increase in [Ca2+] i 
is likely to be only the initial step in a sequence of 
Ca-dependent events effecting cell volume regulation 
(including activation of CaM and of CaM-dependent 
protein kinase C [25]), and might have subsided while 
CaM-dependent mechanisms continue to operate. 
The present findings are consistent with a primary 
role for i nc reased [C,~t2+]i derived from internal 
sources in the volume-regulatory efflux of amino 
acids during hyposmotic stress (Tables 1 and 2), and 
suggest that entry from external sources is not a 
prerequisite for these responses. They are at variance 
with a previous report hat Ca-ionophore can directly 
stimulate GABA release from cerebral slices [26], but 
the importance of internal Ca 2÷ release during vol- 
ume regulation has been stressed in ascites tumour 
cells [9], lymphocytes [27] and neuroblastoma cells 
[28]. In addition they indicate that the effects of 
inhibition of Ca 2÷ release by TMB-8 can be offset by 
Ca-ionophore, which restores amino acid effiux and 
cell volumes to near control values (Tables 1 and 2). 
Since neither thapsigargin or TMB-8 affects amino 
acid effiux or cell volumes in isosmotic media, their 
inhibitory effects on hyposmotic efflux appear to be 
associated with the attendant cell swelling. 
A diversity of responses to differing stimuli might 
explain why, although external Ca 2 + does not appear 
to be required for steady-state volume-regulatory ef-
flux of GABA or L-glu in hyposmotic media, it is 
necessary for the response to depolarization by raised 
external K ÷ ([K+]o) (Table 3). This presumably de- 
pends upon Ca 2÷ entry. It is unaffected by thapsigar- 
gin or TMB-8 (Table 3). K÷-stimulated release of 
GABA from cells in cortical slices has previously 
been shown to be dependent upon external Ca 2÷ [29] 
and is inhibitable by the phenylalkylamine Ca-chan- 
nel blocker verapamil [30]. The findings are con- 
firmed in the present study, using nifedipine which, 
as a dihydropyridine, is more specific than verapamil 
as a blocker of voltage-activated Ca-channels [31]. A 
note of caution must be sounded, however, in the 
light of a recent report that dihydropyridines may 
block acute hyposmotic solute effiux in astrocytes by 
a mechanism independent of their effect on Ca 2÷ 
entry, since they inhibit RVD in Ca2+-free media 
[32]. The inhibitory effects of TFP on amino acid 
- """ hvDosmolalitv 
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/"  ~X ", swelling 
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amino 
acids k"" 
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High K* _ _ ~ ,  nifedipine 
/ 
CaM 
Fig. 1. Schematic representation of the Ca2+-dependence of 
amino acid efflux from cerebral cortical cells following (A) 
hyposmotic swelling and (B) depolarization by raised extemal 
K +. Activation and inhibition are shown as (+) and ( - )  respec- 
tively. The shaded area in A represents unspecified intracellular 
stores. 
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effiux suggests that CaM activation may be a pre-re- 
quisite for the hyposmotic acceleration of effiux (Ta- 
ble 3). If this is so, although it cannot be assumed 
that CaM exerts its effect(s) in an identical manner in 
response to hyposmotic [1] and depolarizing stimuli, 
the finding that responses to anion transport inhibi- 
tion and -SH blockade (Table 3) are also comparable 
with those observed in response to hyposmotic stress 
[1], suggest hat common effiux pathways are acti- 
vated during swelling in hyposmotic and high K + 
media. None of the interventions that impaired effiux 
in high [K+]o media caused any reduction in cell 
swelling, so inhibitory effects on effiux cannot be 
ascribed to accompanying effects on cell volume. 
In summary, these results confirm that during pro- 
longed exposure to moderately hyposmotic media 
limitation of cell swelling is associated with en- 
hanced effiux of GABA and L-glutamate. Effiux is 
inhibited by interventions presumed to interfere with 
an increase in [Ca2+] i derived from internal stores 
(the precise nature of which has not been investi- 
gated) but is unaffected by Ca-ionophore or by omis- 
sion of external Ca 2+. However, the slowing of amino 
acid effiux, and the cell swelling resulting from 
inhibition of internal Ca 2+ release can be reversed by 
Ca-ionophore, indicating that in hyposmotic media 
Ca 2+ may be derived from intra- or extracellular 
fluid. Conversely, enhancement of amino acid effiux 
due to raised external K + is dependent upon external 
Ca 2+ and is inhibited by blockade of voltage-activated 
Ca-channels. The present results suggest hat amino 
acid effiux occurs through the same population of 
anion-selective, -SH-dependent pathways during hy- 
posmotic stress and K+-dependent membrane depo- 
larization. The mechanisms proposed for acceleration 
of amino acid effiux in response to hyposmotic and 
high K + media are represented in Fig. 1. 
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